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和热力学计算两种途径研究了 Co-Zr 二元系、Fe-Co-Zr 和 Fe-Co-Nb 三元系在
不同温度时全成分范围内的相平衡，主要研究工作如下： 
(1) 实验测定了 Co-Zr 二元系在 500℃到 1350℃之间全成分范围内的相平
衡，对已报道的 Co-Zr 二元系的实验信息进行了修正和补充。 
(2) 首次实验测定了 Fe-Co-Zr 三元系在 1300℃、1200℃和 1100℃时全成分
范围内的等温截面相图，并对已报道的 Fe-Co-Zr 三元系在 1000℃时的等温截面
相图进行了修正和补充。 
(3) 首次实验测定了 Fe-Co-Nb 三元系在 1300℃、1200℃、1100℃、800℃
和 700℃时全成分范围内的等温截面相图，并对已报道的 Fe-Co-Nb 三元系在
1000℃和 900℃时的等温截面相图进行了修正和补充。 
(4) 结合本研究的实验结果，系统地收集、整理和评估现有的热力学和相图
数据，采用合理的热力学模型，利用 CALPHAD 技术对 Co-Zr 二元系、Fe-Co-Zr
和 Fe-Co-Nb 三元系的相平衡进行了热力学优化与计算。 






温合金及 Fe 基非晶态合金的成分设计及制备提供重要的理论依据。 
 

















Fe-Co base alloys are widely used as soft magnetic materials and 
ultrahigh-temperature alloys in the filed of chemistry and chemical engineering, 
energy, aviation and medical due to their good soft magnetism, good anti-oxidatin and 
corronsion resistance, excellent mechanical properties and good biological 
compatibility. Because the CALPHAD technology has the important application in the 
designing of metallic alloys, it is necessary to investigate the phase diagrams and 
thermodynamic properties of the involved systems. 
In the present work, the experimental determination and thermodynamic 
assessment in the phase equilibria of the Co-Zr binary system and Fe-Co-X (X: Nb, Zr) 
two ternary systems were carried out. Major research contents are listed as follows: 
(1) The phase equilibira of the Co-Zr binary system from 500℃ to 1350℃ have 
been experimentally determined in the whole compositional range and the phase 
diagram in the Co-Zr binary system have been modified. 
(2) The phase equilibria of the Fe-Co-Zr ternary system at 1300℃, 1200℃, and 
1100℃ have been experimentally determined for the first time, and the experimental 
information of the reported Fe-Co-Zr ternary system at 1000℃ have been modified.  
(3) The phase equilibria of the Fe-Co-Nb ternary system at 1300℃, 1200℃, 1100
℃, 800℃ and 700℃ have been experimentally determined for the first time, and the 
experimental information of the reported Fe-Co-Nb ternary system at 1000℃ and 
900℃ have been modified. 
(4) On the basis of experimental data obtained by this work and previous reports, 
the phase equilibria of the Co-Zr binary system, Fe-Co-Zr and Fe-Co-Nb two ternary 
systems have been calculated and optimized. The calculated results are in good 
agreements with the experimental data. 
(5) The compositions of the Ni57.4Nb26.97-xTi15.63Zrx、CoyNi57.4-yNb23.97Ti15.63Zr3、
FexNi57.4-xNb23.97Ti15.63Zr3 、 FezCozNi57.4-2zNb23.97Ti15.63Zr3 amorphous alloys have 
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application of the CALPHAD technology in the designing of amorphous alloy has 
been studied in the present work. 
The obtained results in this work can be applied to establish the thermodynamic 
database of Fe-based amorphous alloys. In addition, the results in this work can 
provide important theoretical guidance on designing high performance Fe-based 
amorphous alloys and ultrahigh-temperature alloys. 
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第一章 绪 论 
 
1.1 Fe-Co 基合金的性能特点与研究背景 
 
1.1.1 Fe，Co 元素的性能特点 
(1) Fe 元素的性能特点 
金属铁 (Iron) 在门捷列夫元素周期表中属于Ⅷ族金属，化学符号为 Fe，原






的可塑性和导热性。常温时，Fe 在干燥的空气里不易与 O、S、Cl2 等非金属单
质起反应，在高温时则反应剧烈。Fe 易溶于稀的无机酸和浓盐酸，生成二价铁
盐，并释放出 H2。常温下 Fe 遇浓 H2SO4 或浓 HNO3 时，表面生成一层氧化物保








(2) Co 元素的性能特点 
钴 (Cobalt) 在门捷列夫元素周期表中属于Ⅷ族金属，化学符号为 Co，原子




























表 1.1 Fe, Co 元素的主要物理性质 
Table 1.1 The Basic Properties of Unalloyed Iron and Cobalt 
元素 物理特征 密度 (g/cm3) 熔点 沸点 化合价 电离能 
Fe 银白色 7.86  1538℃ 2750℃ +2，+3 7.87eV 
Co 银白色 8.9 1495℃ 2870℃ ＋2，+3 7.86eV 
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Fe-Co 合金粉末颗粒有望成为频带宽、高衰减、耐高温的吸波材料[5, 6]。 
综上可见，Fe-Co 基合金材料是一种综合性能优异的软磁材料，但是其脆化
成为 Fe-Co 基合金应用的 大瓶颈。为了降低其脆化，采用合金化的方法，即添
加第三或是第四组元，如 V、Cr、Ni、Nb 等。这些合金元素一方面与 Fe-Co 合
金中的杂质反应改善了合金的软磁性能；另一方面还可改善 Fe-Co 基合金材料的
综合力学性能[7, 8]。另外，Fe-Co-Zr 三元合金是典型的磁性金属材料，同时
Fe-Co-Zr 基合金还被广泛的用作高温磁性材料及非晶态合金[9-11]。   
Fe-Co 基合金除了被广泛用作磁性材料，还被广泛用于制作高温合金。Fe-Co
高温合金中常常含有大量的合金元素，各合金元素在合金中都起着非常的重要。
其中 Co、Fe、Ni 用于形成奥氏体合金的基体，部分 Co 还能起减少碳化物析出、
改善合金的塑性和热加工性能的作用；Nb 的加入有助于合金的固溶强化、碳化
物强化和含 Nb 合金的析出强化；Zr 等小直径的合金元素能以间隙原子或第二相
的形式对晶界和在枝晶之间起强化作用[12]。 
但目前有关 Fe-Co-Nb 和 Fe-Co-Zr 三元体系的相平衡及热力学信息的相
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